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INVESTIGATION OF THE CENTAUR BOOST PUMP 
OVERSPEED CONDITION AT MAIN ENGINE SHUTDOIVN 
ON THE TITAN CCN'.AUR TC-2 FLIGHT 

By 

Kenneth W. Baud 
SUMMARY 


An investigation was conducted to evaluate a potential boost pump over- 
speed condition which could exist on the Tltan/Centaur launch vehicle 
after main engine shut-off. Preliminary analyses Indicated that the 
acceleration Imparted to the unloaded boost pump-turbine assembly, 
caused by purging residual hydrogen peroxide from the turbine supply 
lines, could result In a pump-turbine overspeed. Previous test ex- 
perience Indicated that turbine damafe occurs at speeds In excess of 
75,000 rpm. 

Detailed theor,_tlcal analyses. In conjunction with pump tests, were 
conducted to establish the maximum pump-turbine speed at main engine 
shut-off. The analyses predicted a maximum speed of 68,000 rpm. Test- 
ing shoved the pump-turbine speed to e 66,700 rpm in the overspeed con- 
dition. Inasmuch as both the analysl and tests showed the overspeed 
to be sufficiently less than the speec at which damage could occur. It 
was concludtJ that no corrective action would be required for the launch 
vehicle. 

This report delineates the analysis used and documents the results of the 
test program. 


INTRODUCTION 

During the Centaur main engine shutdown sequences on the Titan/Centaur 
TC-2 flight a prolonged and somewhat, unusual acceleration character- 
istic of the propellant boost pumps was observed. At each main engine 
cutoff (MECO) the pump speeds would drop momentarily and then re- 
accelerate for up to 1.S seconds; following which the pump speeds 
decayed in a normal manner. 


The pump overspeed during this time period resulted from energy being 
supplied to the turbine wheel as the result of purging residual 
hydrogen peroxide (H 20 p) monopropellant from tlie turbine supply lines. 
In addition the boost pumps were only partially pumping due either to 
cavitation or loss of propellant at the pump inlets caused by engine 
shutdown disturbances . Typical boost pump performance data showing 
these conditions at MECO on the TC-2 flight are shown in figures 1, 2, 
3, and 4. 

The worst case overspeed condition that could exist wouid be for a 
combination of these events; a complete lack of pumping while sustaining 
the high .nitial acceleration rate for the entire 15 seconds. Using 
the maximum acceleration rate of 2600 rpm/sec. observed on TC-2 at 
MECO-1 would result in a speed increase of 39,000 rpm. Assuming a 
normal LHp turbine speed of approximately 41,000 rpm at MECO wouid 
then result in a final turbine speed of 80,000 rpm. 

Previous destructive testing of Centaur boost pump turbine drives 
indicated that turbine speeds in excess of approximately 75,000 rpm 
would result in damage to the drive. Hence, a speed of 80,000 rpm 
would likely result in a turbine failure. The maximum post -MECO 
turbine speed during the TC-2 flight, however, was only 48,100 rpm. 

This speed was well bc.low the critical 75,000 rpm, but the pumps were 
not completely void of liquid for the entire 15 seconds since partial 
pumping was evident. 

An investigation was initiated to detei-mine if the magnitude of the 
potential overspeed condition was indeed a problem. The investigation 
was conducted in three steps as follows: 

1. Review of boost pump data from previous flights to evaluate 
post-MECO acceleration characteristics and determine if the worst 
case postalaticn was feasible (complete loss of pumping for the first 
15 seconds after MECO). 

2. Perform theoretical worst case maximum speed calculations 

based on conversion of energy in the residual ^ 2^2 increase in 

the kinetic energy of the rotating boost pump. 

3. Conduct no-load tests with an LH 2 boost pump to obtain boost 
pump acceleration characteristics and ve" ify the maximum speeds 
predicted by the theoretical calculations. 


BOOST PUMP H 2 O 2 SUPPr.Y SYSTEM CONFIGURATION 

The gaseous helium purge of the boost pump HpOp supply (which causes 
the boost pump overspeed condition at MECO) was incorporated on 
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Centaur vehicles after the flight failure of Atlas/Centaur veiilcle 
AC-17. Restart of the Centaur main engines on this veiiicle, after 
a one-hour earth orbit coast, ’••as not achieved. Tlie failure was 
attributed to blockage of the H 2 O 2 supply lines to tiie Centaur 
boost pumps. The blockage was Believed to have resulted from a 
cryogenic leak impinging on the be )st pump HpOp supply line during 
the coast, and consequently freezin.T stagnant residual H2^^2 
remaining in the lines after the first burn. 

One of the corrective actions taken on subsequent vehicles was tlie 
addition of the gaseous helium purge of the H2^2 lines to the 

boost pumps, 'ihe purpose of the purge was to^expel the residual 
HpO^ from the lines as quickly as practical after each MCCO, and to 
maintain a low flow (250 SCIM) purge througii the 1 i les during the 
remainder of the coast. This corrective action reduced the probability 
of line blockage due to residual l^^ezing. The first Centaur 

flown with the purge was AC -18. Single bum Centaur vehicles AC -19 
through AC-22 were flown without the purge, but all Centaur vehicles 
subsequent to AC-22 have incorporated the purge. 

The boost pump Hp0_ supply systems flown on Centaur vehicles thus 
far have been one of two basic design configurations. The original 
design is referred to as a "non-redundant" configuration, and is 
effective for all Atlas/Centaur vehicles through AC-35. The newe’’ 
design is referred to as a "redundant" configuration, and is 
effective for all Atlas/Centaur vehicles beginning with AC-36, and for all 
Titan/Centaur vehicles beginning with TC-1. 

Flow schematics comparing the two configurations are shown in figure 5. 

The non-redundant system comprised a single HpO flow control valve, 
and a single supply line to each boost pump tOroine. The redundant 
configuration, however, incorirorated a secondary control 

valve and a secondary parallel ^ 0^2 path to tne‘^LH 2 boost 

pump turbine in order to eliminators ingle point failure'^modes. 

As a result of the configuration differences between the redundant 
and non-redundant systems, the time required to purge residual lin^2 
from the supply lines after MECO is different. On the non-redunoant 
configuration, the purge removes residual from the LO^ boost 

pump supply line first in approximately 3 seconds. On the*^ redundant 
configuration, the increased line volume and different line routing 
results in the purge removing residual H-Op from the LH 2 boost pump 
primary s’upply line first and it takes approximately 15‘^seconds. 
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In either case, residual HpO is purged througli both the LOp and LHp 
turbines at relatively high pi’ossure and flowrate until the*^HpO 
is expelled from the supply line to one of the turbines. Subsequently, 
the purge gas pressure is ^eatly reduced and tlie flow rate out 

the line to the other turbine decreases significantly. During the 
3 or 15 second purge period, depending on system configuration, the 
HpO residuals are flowing through and decomposing in the catalyst bed. 
Enefgy is thereby supplied to tlie turbine wheel at a decreasing rate 
from approximately 80 percent to 50 percent of the noimial operating 
level. 

An overspeed of the boost pump after MECO was not considered a potential 
problem on the non-redundant configuratior. . Tlie 3-second purge 
duration was not sufficient +"o accelerate the turbines significantly. 

The advent of the redundant 'figuration with a 15 second purge 
period, however, might cone ■ y provide sufficient time to 
potentially overspeed the tu 's. 


ANALYTICAL AND TEST PROCEDURES 

Review of Previous Flight Data; The review of previous flight data 
was made to determine if the postulated worst case condition (complete 
loss of pumping action for the entire 15 seconds of purging) was 
feasible. The turbine speed, turbine inlet pressure, and pump delta-p 
traces were examined to determine the relationship between turbine 
acceleration, degree of pumping action, purge time period, and maximum 
turbine speed. 

Post-MECO boost pump performance data were obtained for all Centaur 
flig.it s which incorporated the gaseous helium purge of the HpO_ supply 
lines. The vehicles included wore AC-18, AC-23 through AC-3h, ‘^TC -1, 
and TC-2. These flights included both single burn and multiple burn 
missions with various propellant levels in the tanks at each MECO. 

Instrumentation provided data from a dei ca pressure (delta-p) 
transducer installed on each boost pump to measure pump headrise 
on vehicles AC-18, -26, -28, -29, -31, -32, -33, TC-1, and TC-2. 
Turbine speed measurements were obtained on all flights. 

The turbine acceleration was determined from the slope of the speed 
trace. A relative measure of the degree of pumping action was 
determined from the pump delta-p trace for those flights which had 
the delta-p measurement. A general correlation was evident between 
turbine speed and pump delta-p during the post -MECO coastdown. 
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the pump was actually pumping fluid (dcltu-p relatively higJi) , 
the turbine speed decreased at an exponent iai rate*. Conversely, 
when pumping ceased (delta-p essentially zero), the turbine speed 
decreased at a linear rate. This I'elationship was used to .judge the 
degree of pumping on the flights without pump delta-p instrumentation. 

The AC-32 post-MECO boost pump performanc:; data sliown in figures 6 
and 7 were typical for the non-redundant ^^ 2^2 systems. 

Comparison of these figures with figures 1 , 2 , 3, and 4 for TC-2 
with the redundant 11,02 supply systems illustrated tlie effect of the 
configuration diffei-'nces on post-MECO boost pump perfonnance 
characteristics. 

Tlieoretical Calculation Method; The theoretical maximum possible 
turbne speed after iECO was calculated usii.g an energy balance 
method. A worst case condition of no pumping action (no turbine load) 
during the entire 15 second purge period was assumed. Calculations 
were limited to the LH^ boost pirnip because its nonnal operating speed 
at MECO exceeds that or the LO^ boost pump by 7000 rpm (41,000 rpm 
versus 34,000 rpn) , and it would therefore reach tlm 75,000 rpm damage 
speed first. 

The energy balance technique assumed that the energy absorbed by the 
turbine wheel, as the result of H 2 U 2 decomposition during the 15 
second purge period, was reflectea in an increase in the kinetic 
energy of the rotating parts. The effects of friction wern con- 
servatively neglected. The equation resulting from the en ’rg^' balance 
was: 

Where: 



LH 2 turbine wheel efficiency 


Total quantity of 112^2 expelled through the LH 2 
turbine during the 15 second purge period (Ibmi 


s Specific enthalpy of the decomposition products 
entering the turbine wheel (ft . -Ibf/lbm) 


^ . s Specific enthalpy of the decomposition products 
leaving the turbine wheel (ft. -Ibf/lbf) 


I 


Mass moment of inertia of th“ rotating parts 
(ft. -Ibf-sec, ) 
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Final LHp turbini; speed at the end of the 15 second 
purge period (rad/sec.) 


s Initial LHp turbine speed at MiiCO when the 15 second 
purge is initiated (rad/sec.) 


The turbine wheel efficiency was obtained from a turbine 

efficiency map published by tlie turbine manufacturer. A constant 
efficiency value of O.U was assumed for the entire 15 seconds. This 
assumption was not technically valid because the actual efficiency 
is a function of the turbine wheel speed, the velocity of the gas 
entering the turbine wheel, and the pressure ratio across the turbine 
wheel. The maximum error in final turbine speed as a result of this 
assumption was estimated to be less than seven percent. 


The total quantity of HpOp expelled through the turbine was 

determined from the actOal TC-2 post-MECO-1 turbine inlet pressure 
measurement data (CP28PJ, which is shown in figure 8. Correlation of 
turbine inlet pressure to HpOp flowrate was established from previous 
ground tests. Integi-ation of^the Hp^2 over the 15 second 

purge period resulted in 0.389 pounHs'^of HpOp expelled thr.- ^h the 
LHp turbine. 

The specific enthalpy change of the hot gases flowing through the 
t rbine wheel ) was determined from the enthalpy -entropy 

diagram for the decomposition products of 90 percent concentration 
H^O , which is included as figure 9. The hot gases were conservatively 
assumed to exgand isentropically from an initial temperature of 
1350 F (1005 K) , and an average initial pressure of 57.6 psia (see 
figure 8), to a final pressure of 1 psia. 


Calculations were made using two values for the mass moment of inertia 
of the rotating parts. An approximate value of 0.005 ft.-lbf-sec. 
was calculated for the LO^ boost pump in support of a previous 
investigation of another problem. The LOp and LHp turbine wheels are 
identical and are the most significant contributors to the effective 
mass moment of inertia. Thus, 0.005 was considered a reasonable value 
for the LHp boost '_-ump. A second value of 0.0033 ft.-lbf-sec. was 
referenced*^ in documents published by the turbine manufacturer as the 
design value for both the LO., and LHp boost pump turbine drives. 

The actual value of the mass moment of inertia for the IHp pump and 
turbine assembly probably is somewhere between 0.0033 and 0.005. It 
should be noted that the mass moment of inertia of the LHp pump and 
turbine assembly was the one parameter which raised the greatest doubt 
in regard to the validity of the theoretical turbine speed calculations. 


The initial turbine speed (OJc ) was selected at <)(),fK)0 rj)m, as it 
represented the maximun initial si)eed observed durinj^ the MFX'O 
sequences in previous fliglits. 


Test Procedure; Tests to obtain aecel ei’ation data for an unloailed 
boost pump at various turbine inlet i>ressures were conducted at LeRC 
in the Rocket Lab Test Cell No. 23 H^O test fai'ility. Testing was 
initiated January 17, 1975, and completed on January 29, 1975. 

Tlie turbine drive was bolt<>d to a lieavy metal fixture whlcli was 
secured to the floor of the test cell. A protective enclosur*' was 
])laced around the boos: pumiJ during the tests. The facility vacuum 
system was connected to the turbine exhaust to simulate the back 
p.'essure of space flight. hpO was supplied to tlie turbine from tlie 
facility ^^ 2^2 

The forward bearing of tlu LHp pump is nonnally cooled and lubricated 
by a forced flow of LHp througli the bearing iluritig pump rotation. 

Since the Phase III tests required operating tlie pump without blip 
in the pump, the forward bearing was lubricated with low viscosity 
grease before tlie test. 

In addition to the normal tost facility instrumentation, measurements 
for turbine speed, turbine inlet pressure, tui’bine exhaust pressure, 
and gearbox skin temperature wen; recorded for each run. 

The testing was accomplished in four separate phases as summarized 
in Table 1, Each phase consisted of four test runs with a different, 
but constant, turbine irlot pressure for each inin. Phases I, II and 
IV utilized an LH 2 turbine without the pump attached, whereas Phase III 
utilized an LH^ turbine with the pump attached. The objective of 
each test phase was as follows: 


Phase I: Using a turbine drive only, determine the stabilized 

(self -limiting) speed at various constant turbine inlet pressures. 

No resisting load was applied to the drive output shaft. 

Phase II: Using a turbine drive only, detennine the acceleration 

characteristics between the speed range of MO, 000 to 70,000 rpm for 
various constant turbine inlet pressures. No resisting load was 
applied to the output shaft. 
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PliasG III: Using a tui’binc di’ive with pumj) attached, detennine 

the acceleration cliaracterist ics between the siieed range of 1(0,000 
to 70,000 rpm for various constant turbuie inJct pressures. Tlie pump 
was operated in ambient air (no liquid in tlie pump) to simulate a 
complete loss of pumping action in flight. 

Phase IV: Repeat of the Pliase II tests to determine if the 

acceleration characteristics for different turbines were comparable. 
Turbine S/N 66 was used for this test wliereus S/N 52 was used for 
Phase II. 

The run sequence for each of the four itjus of Pliase I consisted of 
setting the H^0„ supply tank pressure for the desired turbine inlet 
pressure, opening tlie ll 20 „ flow control valve until the turbine 
speed stabilized, and tnen closing the ^ 2^2 control valve. 

The test sequences for Phases II, III and IV were as illustrated in 
figure 10. Basically the sequence consisted of setting the ^^ 2^2 
pressure to obtain the desired terhine inlet pressure for the*^ first 
run, opening the H^Op flow control valve until the speed reached 
apijroximately 60,0u0‘^rpm at which time the valve was closed and the 
speed allowed to decay to <10,000 r^im. At <(0,000 rpm, the valve was 
re-opened and the turbine accelerated to 70,000 rpm which constituted 
the first iTin. The valve was closed at 70,000 rpm and the turbine 
speed allowed to decay to <10,000 iqim; during tliis coastdown period 
the tank pressure was adjusted to give the desired turbine inlet 
pressure for the next nin. At <(0,000 rpm, the valve was again opened 
to begin the second acceleration inin. This procedure was repeated 
until four runs at different turbine inlet pressures were completed 
for each phase. The turbine inlet pressures used were chosen to cover 
the expected range of pressures encountered in flight. 


DISCUSSION or RCSUI.TS 

Review of Previous Flight Data; A summary of the post-MCCO boost pump 
data from previous Centaur fliglits is presented in Tables 2 and 3 for 
the LOp and LH^ boost pumps, respectively. Also included for comparison 
are acceleration data at boost pump start (BPS) at full power, and 
data for the TC-2 flight. The following observations were noteworthy: 

1, Acceleration rates at BPS are greater than the post-MFCO 
rates, as expected. 

2. Acceleration rates at BPS No. 2 are greater than at BPS No. 1, 
as expected (turbines were hotter at BPS No. 2, therefore less friction 
and more rapid decomposition). 


9 


3. Thu LHy boost pump post-MLCO ucceicration rates were gonurally 
greater, and resulted in greater peak speeds than for the boost 

pump. 


9. The maximum post-MLCO acceleration rate was 29S0 HPM/sec. 
for the LH^ boost pumjj (AC-25 MLCO No. 2). 

5. The maximum post-MLCO LH, boost pimip turbine spt.-ed was 
9H,100 RFM (TC-2). 

(), The post-MLCO degree of i)umping was generalJy good for MLCO 
No. 1 of a multiple bum mission; but ranged from none to good for 
tlie MLCO of a single burn mission or final MLCO of a multiple burn 
miss ion. 

The data from previous fiiglits also showed tliat the boost pump 
delta-p almost always drops to essentially zero for tlie first 3 or 
M seconds after each MLCO (see figures 0 and 7 for typical data). 
During the same time period, the greatest acceleration rates were 
evident. Subsequently, pumping action usually resumed in var\' ing 
degrees, and the boost pump acceleration ceased. Unfortunately, the 
purging of residual H-Op through the turbines also ceased at approxi- 
mately the same time \3^or 9 seconds after MLCO). It was therefo-re 
impossible to determine from the previous flight data whether tlie 
decrease in acceleration rate was duo to resumption of pumping, or 
termination of the purge. 


Theoretical Calculations of Maximum Turbine Speeds; The maximum LHp 
boost pump turbine speed calculaiTed for the two assumed values of 
mass moment of inertia w?re: 

4.0 = 59,800 RPM for I = 0.005 ft . -Ibf-sec. ^ 

max. 

UJ = 68,000 RPM for I = 0.0033 ft. -Jbf-sec.^ 

max . 


Boost Pump Acceleration Tests: The LHp turbine speed data from the 

Phase I tests are plotted in figure 117 The results indicate that 
an unloaded LHp turbine can, if given sufficient time, attain speeds 
near the damage speed of 75,000 RPM with relatively low turbine inlet 
pressures. A stabilized speed of 68,000 RPM was achieved after 395 
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seconds of operation at a turbine inlet pressure ol 21.0 psia. This 
pressure represents approximately 20 percent of the nomial steady 
state operating pressure (100 psia) for the Centaur 1,0^ and 
boost pump turbine drives. 

The LII^ turbine speed data from the Phase II, HI, and IV tests are 
plottea in figures 12, 13, and 10, resiiectively . Tlie turbine speed 
versus time curves in figures 12 and 10 compare favorably, indicating 
tlie turbine-to-turbine differences were insignificant. 

The LHp turbine speed data from the Pliase IT, TIT, and IV tests were used 
to calculate the turbine speed during tlie first 15 seconds after 
MliCO on a Centaur flight. These calculations represented a worst 
case condition of no liquid in tlie pum]) combined with continuous 
ajjplication of energy to the turbine wheel for the entire 15 seconds. 

The method of calculation assumed a turbine inlet pressure liistory 
identical to the TC-2 post-MECO No. 1 data shown in 1 igure- H. An 
initial turbine speed of 00,0nf) Rltl was assumed at MECO. An incremental 
integration was then performed by detemiining the average turbine 
inlet pressure over a one-second time iieriod, determining the average 
acceleration rat. from figures 12 or 13 over the one-second interv 1. 
and then calcu. g the turbine speed at the end of the 1-second 
intei’vol. Tl a procedure was repeated in l~second intervals over the 
15-second time period. 

Calculations were made for a curbine only configuration (no pump 
attached), and for a turbine with a pump attaclied. The results of 
these calculations are shown in figure 15. The resulting maximum 
calculated speed for a pump and turbine combination was 66,700 RPM 
at the end of the 15-second time period. The maximum calculated 
sjjeed for a turbine only was 68,100 RPM which verified that the mass 
mom nt of inertia of the pump was small compared to the turbine drive. 

A plot of the actual TC-2 post-MECO No. 1 turbine speed is shown in 
figure 15 for comparison to the calculated worst case speed. The 
slope of the curves agree favorably for the first 3 seconds when 
essentially no pumping was present on TC-2. However, after 3 seconds 
the flight data curve diverges significantly from tlie calculated 
speed because partial pumping resumed on TC-2 at this time. 


CONCLUSION 

An analytical and experimental investigation lias verified that a 

potential boost pump overspeed condition does exist after MECO on 

the Centaur vehicles with the redundant configuration ^^ 2^2 system. 


Till overspied condition results fi’om pur^in^ the residual peroxide 
in the supply lines through the turbines at a time when liquid 
propellants are displaced from the pump inJets, However, the enei’g’y 
input from the residual peroxide is limited and the peak turbine 
speed is well below the critical turbine damage speed, 

A review of previous Centaur flight data indicated tliat the overspeed 
potential exists primarily for MECO conditions with low propellant 
residuals. These conditions will exist at the final MECO of a 
multiple burn mission, or at MECO of a single burn mission. The 
degi’GG of pumping after the first MECO of a two-bum mission, when 
relatively large propellant residuals existed, was considered good. 
However, the degree of pumping with low propellant residuals varied 
from good to essentially none. 

Thus, it is feasible that a complete loss of pumping action could 
prevail during the 15 -second post-MFXO purge period for the redundant 
system. It was not possible to determine from previous flight data 
(with non-redundant ^^ 2^2 systems) whether the acceleration rates 

observed during the first 3 or •» seconds after MECO would have been 
sustained if the purge continued for 15 seconds. 

Theoretical calculations using an energy balance tecb.iique resulted 
in a maximum possible LHp turbine speed of 59,80C to 68,000 RPM. 
However, the validity of'^the tlieoreti 1 calculations were questionable 
because the mass moment of iner-tia essential to the calculations was 
not precisely known. 

No-load acceleration tests were subsequently conducted using an actual 
LH^ turbine and purrip which yielded acceleration data directly, and 
eliminated the inertia parameter from the calculations. Based on the 
test date tlu calculatea maximum possible LHp turbine speed during 
the 15 -second purge period after each MECO was 66,700 RPfl. This 
calculation v;as based on the worst case assumption that there was no 
inimping action for the full 15 seconds. The 66,700 RHl value was 
well below the turbine damage speed of 75,000 RPM. 

It was therefore concluded that no critical overspeed problem exists 
and that the existing system operation will pose no hazard to the 
success of future Centaur flights. No corrective action was deemed 
necessary. 


TABLE 1: SUMMARY OF LU^ BOOST PUMP NO-LOAD ACCELERATION TE-ST CONDITIONS 
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(3) During the coastdown of Phase II, Run No. ‘l, the turbine failed and serial number 52 
was replaced by serial number 66 for all subsequent runs. 
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